The technical inefficiency of Indian farmers is investigated using a stochastic frontier production function which incorporates a model for the technical inefficiency effects. Farm-level panel data from the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) are used. Variables considered in the model for technical inefficiency effects include the age and level of education of the farmers, farm size and the year of observation. The parameters of the stochastic frontier production function are estimated simultaneously with those involved in the model for the technical inefficiency effects. This approach differs from the usual practice of predicting farm-level technical inefficiency effects, and then regressing these upon various factors in a second stage of modelling. This latter, twostage method is not considered because of certain statistical inconsistencies. The results indicate that the above factors do have a significant influence upon the technical inefficiency effects of farmers in two of the three villages considered.
INTRODUCTION
The measurement of the productive efficiency of a farm relative to other farms or to the "best practice" in an industry has long been of interest to agricultural economists. Much empirical work has centred on imperfect, partial measures of productivity, such as yield per hectare or output per unit of labour. Farrell (1957) suggested a method of measuring the technical efficiency of a firm in an industry by estimating the production function of a "fully-efficient firm". The technical efficiency of a firm may be defined as the ratio of its observed output to that output which could be produced by the fully-efficient firm, given the same input quantities. Farrell did not illustrate his ideas with an application, but suggested that linear programming may be an appropriate method of estimating the production function of the fully-efficient firm (now commonly referred to as a frontier production function) from input and output data on a sample of firms.
Many subsequent papers have applied and extended Farrell's ideas. This literature may be roughly divided into two groups according to the method chosen to estimate the frontier production function, namely, mathematical programming versus econometric estimation. Debate continues over which approach is the most appropriate method to use. The answer often depends upon the application considered. The mathematical programming approach to frontier estimation is usually termed Data Envelopment Analysis (DEA). Charnes, Cooper and Rhodes (1978) were the first to present a DEA model. Seiford and Thrall (1990) provide a thorough review of the DEA literature, much of which has appeared in management science journals.
The primary criticism of the DEA approach is that measurement errors can have a large influence upon the shape and positioning of the estimated frontier. Aigner, Lovell and Schmidt (1977) and Meeusen and van den Broeck (1977) independently proposed the stochastic frontier production function to address this problem. Stochastic frontiers have two error terms, one to account for technical inefficiency and the other to account for other factors such as measurement error in the output variable, luck, weather, etc. This favourable property of stochastic frontiers comes with a price, namely, that the functional form of the production function and the distributional assumptions of the two error terms, must be explicitly specified. Bauer (1990) and Greene (1993) present comprehensive reviews of the econometric estimation of frontiers.
2
In the agricultural economics literature the stochastic frontier (econometric) approach has generally been preferred. This is probably due to a number of factors. The assumption that all deviations from the frontier are due to inefficiency, as assumed in DEA, is difficult to accept, given the inherent variability of agricultural production, due to weather, fires, pests, diseases, etc. Furthermore, because many farms are small family-owned operations, the keeping of accurate records is not always a priority. Thus much available data on production are likely to be subject to measurement errors.
This paper does not attempt to review the many applications of frontier production functions to agricultural industries. Battese (1992) and BFaVOUreta and Pinheiro (1993) (1981) and has since been used by a large number of agricultural economists, the most recent example of which may be found in Parikh and Shah (1994) .
Recent papers by Kumbhakar, Ghosh and McGuckin (1991) , Reifschneider and Stevenson (1991) , Huang and Lui (1994) and Battese and Coelli (1993) specify stochastic frontiers and models for the technical inefficiency effects and simultaneously estimate all the parameters involved. The Battese and Coelli (1993) stochastic frontier is specified for panel data where the model for the technical inefficiency effects involves farmer-specific variables and year of observation. Battese and Coelli (1993) apply their model in the analysis of a small panel of ten years of data on fourteen paddy farmers from the village of Aurepalle in India. In the present paper, we apply the Battese and Coelli (1993) The remainder of this paper consists of four sections. In Section 2, we briefly describe the data on farmers from the three Indian villages involved.
In Section 3, the proposed stochastic frontier, inefficiency model is discussed. In Section 4, the empirical results are presented and several hypotheses are tested. In the final section some conclusions are made. The soils in Shirapur are regarded as better than the soils in Kanzara. Mean annual rainfalls over the ten-year period were 611 mm in Aurepalle, 629 mm in Shirapur and 850 mm in Kanzara, with year-to-year variation between 400 and 1200 mm. The majority of rain falls in the period from June to October. The predominant crops in the three villages are castor, sorghum and paddy in Aurepalle; cotton, pigeon pea and sorghum in Kanzara; and sorghum, chickpea, wheat and vegetables in Shirapur. More details on the various input variables, and the age and education levels of the farmers, are presented in Table I , which is briefly discussed in Section 4.
PANEL DATA ON INDIAN AGRIL~ULTURE

TIIE STOL-~IASTIC FRONTIER INEFFICIENCY MODEL
The stochastic frontier production function which is specified for the 
where Age is the age of the principal decision maker in the farming operation;
Educ is the number of years of formal education of the principal decision maker; Size is proxied by the Land variable defined earlier; and Year is also as previously defined.
The stochastic frontier, inefficiency model, specified in equations (1) and (2), is estimated in Battese and Coelli (1993) The stochastic frontier production function, defined by equation (I), is a modification of the Cobb-Douglas functional form. It permits the production elasticity of land to differ between irrigated and unirrigated land and that IICRISAT uses the conversion factors that one hour of female labour and one hour of child labour are equivalent to 0.75 and 0.5 man hours, respectively. 2The star on the Cost variable is used because Cost* has value, one, if the total cost of other inputs is zero. That is, given that the dummy variable, D, which has value, one, if total cost of other inputs is positive and has value, zero, otherwise, then Cost* = Max{Cost, l-D}. 6 of labour to differ between hired and family labour. The inclusion of the linear time trend assumes the possibility of Hicks-neutral technical change.
The model, defined by equation (2), specifies that the level of the technical inefficiency effects depends on the age and education of the farmers involved, the size of their farming operations and the year of observation. As stated in Battese and Coelli (1993) , all the parameters of the frontier model, defined by equations (I) and (2) The hypothesis that the technical inefficiency effects are deterministic, given the level of the inputs involved, is specified by ~ = 8 o = 84 = O.
Further, the hypothesis that the technical inefficiency effects are not related to age or education of farmers, the size of their farming operations and the year of observation, is specified by 81 = 82 = 83 = 84 = O. Tests of these hypotheses are of interest in assessing the characteristics of the technical inefficiency effects for farmers in the three Indian villages involved.
As noted above, the ratio variables, IL/Land and HL/Labour, permit the production elasticity of land to differ between irrigated and unirrigated land, and that of labour to differ between hired and family labour. The model is a linearized approximation of a Cobb-Douglas production function in which the land and labour variables are linear combinations of irrigated and unirrigated land and hired and family labour, respectively. For more on this particular specification, refer to Battese, Coelli and Colby (1989) and Battese and Coelli (1992) . A test of the hypothesis that hired and family 7 labour are equally productive is obtained by testing the null hypothesis that the coefficient, 84, of the labour-ratio variable, }{L/Labour, is zero. This hypothesis is of particular interest in Indian agriculture, cf. Bardham (1973) .
Given the specifications of the stochastic frontier model (I)-(2), the technical efficiency of the i-th farmer at the t-th year of observation is defined by TEit = exp(_Uit)"
The conditional expectation of exp(-Uit), given the assumption that the "composed error", Vit-Uit, is known, is the best predictor for the technical efficiency. 3 This predictor, which is presented in Battese and Coelli (1993) , is estimated at the maximum likelihood estimates of the parameters of the full frontier-inefficiency model (1)- (2) using the FRONTIER program.
EMPIRICAL RESULTS
A summary of the sample data on the different variables in the stochastic frontier inefficiency model, defined by equations (I) and (2), is presented in Table I The maximum-likelihood estimates for the parameters in the stochastic 3The majority o£ empirical studies cited by Bravo-Ureta and Pinheiro (1993) predict the technical efficiency of the i-th farmer, in a cross-sectional survey, using the result, exp{-E(UilVi-Ui)}, where the conditional expectation of U i, given the composed error, Vi-U i, was first suggested by Jondrow et al (1982) to predict the technical inefficiency effect, U i. However, since exp(-U i) defines technical efficiency, then the conditional expectation of this quantity is the preferred predictor for technical efficiency. 8 frontier, inefficiency model are presented in Table 2 for the three villages involved. The estimated ~-coefficients associated with the explanatory variables in the model for the technical inefficiency effects are worthy of particular discussion. The age of the farmers could be expected to have a positive or a negative effect upon the size of the inefficiency effects. The older farmers are likely to have had more farming experience and hence have less inefficiency. However, they are also likely to be more conservative and thus be less willing to adopt new practices, thereby having greater inefficiencies in agricultural production. From the results in Table 2 , we observe that age has a negative effect upon the technical inefficiency effects in Aurepalle and Kanzara. That is, the older farmers tend to have smaller technical inefficiencies (i.e., are more technically efficient) than younger farmers in Aurepalle and Kanzara, but the reverse is true in Shirapur. The result for Aurepalle differs from that reported in Battese and Coelli (1993) in the analysis of Aurepalle paddy farmers. However, the size of the farm is not considered as a factor in the inefficiency model in Battese and Coelli (1993) .
Education is expected to have a negative effect upon technical inefficiency effects. The coefficient of the education variable is observed to be negative in Aurepalle and Shirapur, but positive in Kanzara. That is, in the villages of Aurepalle and Shirapur, farmers with greater years of formal education tend to be more technically efficient in agricultural production.
The positive value obtained for Kanzara is unexpected, but could be due to the generally small numbers of years of formal schooling observed throughout the sample. We hypothesize that if a wider spread of education levels were observed, the result may have been different. Overall, the signs of the estimated ~-coefficients conform quite closely with our expectations. Only the coefficient of education in Kanzara has a sign which is contrary to our expectations. Note, however, that the ratio of this estimate to its estimated standard error (t-ratio) is only slightly larger than one in value, indicating that this may not be a significant influence. 4
Also note that this t-ratio is the smallest of all associated with ~I to ~4 in any of the three villages.
The ~ parameter associated with the variances in the stochastic frontier is estimated to be between 0.9 and the upper limit of 1 in all of the three villages. Although this parameter cannot be interpreted as the proportion of unexplained inefficiency variation relative to all random variation, it is significantly different from zero in all three villages, indicating that technical inefficiency does make a contribution in the analysis of agricultural production in the Indian villages involved.
Formal tests of hypotheses associated with the technical inefficiency effects are presented in Table 3 . These tests of hypotheses involve the use of the generalized likelihood-ratio statistic, which has approximately Chi-square distribution with degrees of freedom equal to the number of restrictions in the appropriate null hypothesis. The generalized likelihood-ratio test is often preferred to the asymptotic t-test since the estimated standard errors can sometimes be unreliable when they are calculated as a by-product of the iterative estimation procedure. Furthermore, the t-test can only be used when the null hypothesis contains a single restriction.
The first null hypothesis considered in Table 3 the agricultural production in the three villages, given the specification of the stochastic frontier inefficiency model, defined by equations (I) and (2).
The second null hypothesis in Table 3 , Ho: ~=8o=~4=0, specifies that the variance of the unexplained portion of the technical inefficiency effects is zero and hence that the technical inefficiency effects are non-stochastic. The intercept parameter and the coefficient of year of observation are simultaneously specified to be zero because these coefficients are not identified in the model if the variance parameter is zero, given that the frontier model, defined by equation (I), contains an intercept parameter and accounts for technical change (i.e., year of observation is included). This null hypothesis is also strongly rejected for all three villages.
The third null hypothesis in Table 3 , Ho: 80=~I...=~4=0, specifies that all the technical inefficiency effects in the stochastic frontier production function have half-normal distribution. This hypothesis is also strongly rejected for all three villages.
The final hypothesis considered in Table 3 , H0: ~I=62=83=84=0, specifies that the explanatory variables in the inefficiency model do not have any influence on the level of the technical inefficiency effects and, also implies that the technical inefficiency effects have truncated-normal distribution. This null hypothesis is rejected for the villages of Shirapur and Kanzara, but accepted for Aurepalle. Thus for Aurepalle, it could be concluded that the technical inefficiency effects are not significantly influenced by the age and education of the farmers, the size of the farming operation, and that they are not time-varying. Hence it appears that, given the specifications of the stochastic frontier inefficiency model, defined by equations (I) and (2), the technical inefficiency effects can be regarded as independent and identically distributed random variables which arise from the truncation of a normal distribution with non-zero mean.
The estimated coefficients of the production function, defined by equation (I), reported in Table 2 , have signs and sizes which generally conform with those obtained in past analyses of these data. The estimated coefficients of land and labour are both positive in each of the three villages. The coefficient of IL/Land is expected to be positive, reflecting the higher productivity of irrigated land. However, for Shirapur the coefficient of the proportion of irrigated land is estimated to be negative and significantly different from zero. Further investigation is required to discern the basis for this result.
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If the productivity of hired labour was lower than that for family labour, then the coefficient of }{L/Labour would be negative. Negative estimates are obtained in Aurepalle and Kanzara, but for Shirapur the estimated coefficient is positive. However, the ratio of the estimated coefficient to the estimated standard error suggests that hired and family labour in Kanzara and Shirapur are equally productive. The generalized likelihood-ratio tests of the hypothesis that the coefficient of the hiredlabour ratio is zero are presented in Table 4 . The null hypothesis, Ho: 64=0, is rejected for farming operations in Aurepalle, but accepted for Kanzara and Shirapur. The conclusion that hired and family labour are not equally productive in Aurepalle may be associated with the labour-intensive operations required in paddy production, and the nature of the well developed labour market in that region.
The estimated coefficient of bullock labour is negative in all three villages, but significantly different from zero for Aurepalle only.. This negative influence is contrary to what one would expect, but conforms with earlier analyses, reported by Saini (1979) and Battese and Coelli (1992) . A number of explanations have been suggested for this result, the most often quoted is, that the bullocks are often used for weed control and repairs of irrigation banks in poor seasons when the land is less water-logged. Thus the quantity of bullock labour may be acting as an inverse proxy for rainfall.
In our stochastic frontier production function, the cost of other inputs, such as fertilizer, manure and pesticides, is included as an explanatory variable. It has been suggested that this variable should not be used in a frontier production function, because it is a composite variable which contains the costs of various items which are likely to influence production in different ways. We maintain that the inclusion of this variable is preferable to its exclusion, on the grounds that it should reduce the degree of mis-specification. Also considered in Table 4 is a test of the null hypothesis that the coefficient of the cost of other inputs is zero, i.e., Ho: 66=0. For Aurepalle and Shirapur, the null hypothesis is accepted, while for Kanzara it is strongly rejected. This result may be due in part to the importance of cotton production in Kanzara. The cotton plant is susceptible to a number of insect pests. Thus, the regular use of pesticides is an important part of cotton production.
The final hypothesis considered in Table 4 relates to the question of technical change. This involves a test of the null hypothesis that the coefficient of year of observation in the stochastic frontier is equal to zero, i.e., H0: 67=0. The test statistics indicate that the null hypothesis is rejected in Aurepalle and Kanzara, while the hypothesis of no technical change is accepted for Shirapur. We note that the coefficient of year of observation in the stochastic frontier, 67, is positive for Aurepalle, but negative for Kanzara. The latter result is surprising and merits further investigation.
Finally, it is interesting to note that the conclusions of the Chi-square tests listed in Table 4 are the same as those that would have been made if asymptotic t-tests had been used. Thus, in this application, the standard errors appear to be well estimated using the Davidon-Fletcher-Powell algorithm which is used in the program, FRONTIER.
The technical efficiencies of farmers are predicted for each year in which they were observed, using the method proposed in Battese and Coelli (1993) . The predicted technical efficiencies of the farmers in Aurepalle, Kanzara and Shirapur are presented in Tables 5, 6 and 7, respectively. Also presented in these tables are estimates for the mean technical efficiencies of each farmer (over the ten-year period) and the mean technical efficiencies for The analyses reported in this paper indicate that there are significant differences in the behaviour of value of output and technical inefficiencies of production in the different regions from which data were obtained in the ICRISAT Village Level Studies. Although our empirical study does not include discussion of various variables which might be important in modelling output and inefficiency effects, e.g., rainfall data, use of agricultural extension services and access to credit, our work indicates the potential for more refined analysis, if such data were readily available. It is evident, that in order to be able to draw conclusions of significance for policy purposes, future studies need to be devised to obtain extensive data sets on relevant variables for production frontiers and models for technical inefficiency effects which are consistent with such policy orientations. Estimated standard errors are given below the parameter estimates, correct to at least two significant digits. The parameter estimates are given correct to the corresponding number of digits behind the decimal places. 
2O
